We have previously shown that human keratinocytes expressing E6 and E7 from the cutaneous human papillomavirus (HPV) type 38 have high levels of a specific form of p53, which in turn activate the transcription of DNp73 gene. Expression of HPV38 E6 and E7 in mouse skin also promotes p53 and DNp73 accumulation. Interestingly, keratinocytes of these mice do not undergo cell cycle arrest after skin ultraviolet (UV) irradiation. Here, we provide several lines of evidence that DNp73 expression and lack of the UV response are directly linked. Loss of p53 gene in HPV38 E6/E7 transgenic mice abolished DNp73 expression and partially restored the UV-activated cell cycle checkpoints. Similarly, loss of p73, and consequently DNp73, led to restoration of the p53 pathways. In fact, keratinocytes of p73 À/À HPV38 E6/E7 transgenic mice upon UV irradiation express high levels of p21 WAF1 and are cell cycle arrested. Thus, HPV38 E6 and E7, via DNp73 accumulation, are able to alter the regulation of cell cycle checkpoints activated by UV radiation. These data suggest that UV and HPV may cooperate in skin carcinogenesis.
We have previously shown that human keratinocytes expressing E6 and E7 from the cutaneous human papillomavirus (HPV) type 38 have high levels of a specific form of p53, which in turn activate the transcription of DNp73 gene. Expression of HPV38 E6 and E7 in mouse skin also promotes p53 and DNp73 accumulation. Interestingly, keratinocytes of these mice do not undergo cell cycle arrest after skin ultraviolet (UV) irradiation.
Here, we provide several lines of evidence that DNp73 expression and lack of the UV response are directly linked. Loss of p53 gene in HPV38 E6/E7 transgenic mice abolished DNp73 expression and partially restored the UV-activated cell cycle checkpoints. Similarly, loss of p73, and consequently DNp73, led to restoration of the p53 pathways. In fact, keratinocytes of p73 À/À HPV38 E6/E7 transgenic mice upon UV irradiation express high levels of p21 WAF1 and are cell cycle arrested. Thus, HPV38 E6 and E7, via DNp73 accumulation, are able to alter the regulation of cell cycle checkpoints activated by UV radiation. These data suggest that UV and HPV may cooperate in skin carcinogenesis. Oncogene (2008 Oncogene ( ) 27, 2923 Oncogene ( -2928 doi:10.1038/sj.onc.1210944; published online 19 November 2007 Keywords: HPV38; transgenic mice; DNp73; UV irradiation; cell cycle checkpoints Approximately 100 different human papillomavirus (HPV) types have been characterized so far and, according to their genomic DNA sequence, they have been sub-grouped into different genera (de Villiers et al., 2004) . In addition, HPVs can be further sub-divided into mucosal or cutaneous types based on their apparent tissue tropism. Mucosal high-risk HPV types that belong to the genus alpha have been clearly associated with cervical cancer (zur Hausen, 2002) . Several recent studies indicate that the cutaneous HPV types mostly of genus beta may also be involved in human carcinogenesis, acting as co-factor together with sun exposure in the development of non-melanoma skin cancer (reviewed in Pfister, 2003) . The beta HPV types were first isolated in skin cancer-prone patients suffering from a rare autosomal recessive genetic disorder called epidermodysplasia verruciformis, but it is now clear that they are commonly found in the skin of healthy individuals (Pfister, 2003) . Characterization of the biological properties of the products of the early genes E6 and E7 from different beta HPV types in in vitro and in vivo model has highlighted the potential carcinogenicity of these viruses (Jackson et al., 2000; Caldeira et al., 2003; Akgul et al., 2005; Dong et al., 2005; Schaper et al., 2005; Accardi et al., 2006; Michel et al., 2006) . We showed that expression of E6 and E7 from the beta HPV38 in primary human keratinocytes results in inactivation of the tumour suppressor p53 and pRb and immortalization (Caldeira et al., 2003; Accardi et al., 2006) . Interestingly, HPV38 inactivates p53 functions by a mechanism that differs from the one used by the mucosal high-risk HPV16. In fact, while HPV16 E6 induces p53 degradation via the proteasome pathway (zur Hausen, 2002) , HPV38 E6 and E7 promote the accumulation of a specific p53 form that selectively activates the transcription of DNp73, which in turn inhibits p53 ability to induce the transcription of genes involved in growth suppression and apoptosis (Accardi et al., 2006) . The accumulation of p53 and DNp73 was also detected in keratinocytes of transgenic (Tg) mice expressing HPV38 E6 and E7 under the control of keratin-10 promoter (Accardi et al., 2006) . In addition, in contrast to normal mice, HPV38 E6/E7 Tg mice do not respond to ultraviolet (UV) irradiation. For instance, no accumulation of the product of the p53-regulated gene p21 WAF1 and consequent inhibition of cellular proliferation were observed in the epidermis of the Tg animals (Dong et al., 2005) .
The loss of the UV response in HPV38 E6/E7 Tg mice may be due to the accumulation of DNp73, which can prevent the activation of p53-and p73-regulated genes upon cellular stresses. To evaluate this hypothesis, we have crossed HPV38 E6/E7 Tg mice with p53 null mice (Donehower et al., 1992) . Identification of the different Tg lines was achieved by extracting DNA from the tails of 5-week-old mice followed by PCR with specific primers for the K10 HPV38 E6 and E7 region and p53 In vitro experiments in primary human keratinocytes showed that p53 gene silencing by small interfering RNA abolished DNp73 transcription activation (Accardi et al., 2006) . We therefore determined whether similar events occurred in the mouse model. DNp73 expression levels were analysed by reverse transcriptase-PCR in HPV38 E6/E7 Tg mice in the presence or absence of p53 as previously described (Accardi et al., 2006) . In agreement with the in vitro data, we observed that p53 À/À HPV38 E6/E7 Tg mice did not express DNp73 (Figure 1a ). In contrast, p73 mRNA was still expressed in this Tg line ( Figure 1a ). The slight increase in the levels of p73 transcripts in p53 À/À HPV38 E6/E7 Tg mice in comparison to the control mice may be an attempt of the cell to compensate for the loss of p53 expression ( Figure 1a) .
Next, we determined whether loss of DNp73 expression in p53 À/À HPV38 E6/E7 Tg mice could affect the ability of the viral proteins to overcome UVB-induced cell cycle arrest. Seven-week-old animals were irradiated with 0.45 J cm À2 UVB. Proliferative cells were identified in the epidermis of the different Tg lines by immunohistochemistry using an anti-BrdU antibody. Loss of p53 expression in non-Tg mice alleviated the UVinduced cell cycle arrest only marginally (Figure 1b) , due the presence of p73 and/or other independent mechanisms ( Figure 1a ). As previously reported, a robust cellular proliferation occurred in the epidermis of HPV38 E6/E7 Tg mice before or after UV irradiation (Figure 1b) . Surprisingly, we observed that BrdU incorporation is strongly decreased in skin keratinocytes of p53 À/À HPV38 E6/E7 Tg mice upon UV treatment (Figure 1b ) compared to p53 þ / þ HPV38 Tg mice, suggesting that p53 is required for the lack of UV response in cells expressing HPV38 E6 and E7. To evaluate whether the p53-regulated cyclin-dependent kinase inhibitor p21 WAF1 is involved in this process, we next performed immunohistochemical analysis on the mouse skin as previously described (Dong et al., 2005) . As expected, UV-irradiated skin of normal mice was strongly positive for p21 WAF1 (Figure 1c ). In contrast, skin keratinocytes of p53 À/À non-Tg mice did not show elevated levels of p21 WAF1 upon UV irradiation (Figure 1c) , although they undergo cell cycle arrest (Figure 1b) . These data indicate that in the absence of p53, additional p21 WAF1 -independent mechanisms are responsible for cell cycle arrest induced by UV irradiation. A different scenario was observed in HPV38 E6/E7 Tg mice. In fact, the proliferative status of the skin cells in the different HPV38 E6/E7 Tg lines upon UV irradiation inversely correlated with expression of the cell cycle inhibitor (Figure 1c) . UV-induced p21 WAF1 accumulation was easily detected in the epidermis of p53 À/À HPV38 E6/E7 Tg mice, while it was marginally expressed in the HPV38 E6/E7 Tg mice expressing p53. Similar data on the pattern of p21 WAF1 expression was observed by immunoblotting in all mouse lines (Figure 1d ). Taken together, these data suggest that in HPV38 E6/E7 Tg mice, loss of p53, and consequently DNp73, partially restores the accumulation of p21 WAF1 and cell cycle arrest imposed by UV irradiation by a p53-independent mechanism.
Since downregulation of DNp73 by antisense oligonucleotide in HPV38 E6/E7 keratinocytes led to a restoration of p53 transcriptional functions (Accardi et al., 2006) , we next determined whether similar events can occur in HPV38 E6/E7 Tg mice lacking DNp73. HPV38 E6/E7 Tg mice were crossed with p73 À/À mice, which were previously generated by replacing the exons 5 and 6, leading to deficiency of all p73 isoforms (Yang et al., 2000) . The different mouse lines were characterized by PCR as described above using specific primers for the K10 HPV38 E6 and E7 region and p73 þ / þ or p53 À/À HPV38 E6/E7 Tg mice. Total RNA was isolated from skin of dorsal area of 6-week-old Tg animals. Animals were killed, dorsal skin was removed and mounted on a À70 1C refrigerated paper support. Skin layers were carefully removed with a sterile blade. After extraction of total RNA, cDNA was prepared and reverse transcriptase-PCR was performed using DNp73-or p73-specific primers (sequence available under request). (b) (Left panel) Immunostaining for BrdU-positive skin cells of different mouse lines before and after UV irradiation. One hour after irradiation, the treated and control animals were injected intraperiteonally with BrdU (100 mg in 100 ml phosphate-buffered saline). Two hours after BrdU injection, the animals were killed and skin in the ear region was isolated, fixed in 10% phosphate-buffered saline-buffered formalin and embedded in paraffin. Sections of ear skin from different mice as indicated in the figure were immunostained using a specific anti-BrdU antibody (B2531; Sigma, St Quentin Fallavier, France) stained (original magnification Â 40). (Right panel) Quantification of BrdU-positive skin cells of different mouse lines before and after UV irradiation. The percentage of BrdU-positive cells in the epidermis was determined by counting the positive cells of four different fields under a Â 20 magnification. Differences between the BrdU-positive cells in the UVB-exposed or non-exposed animals were statistically significant (P ¼ 0.01) for each group, except HPV38 E6/E7 Tg animals, as determined by Student's t-test. WAF1 -positive cells in the UVB-exposed or non-exposed animals were statistically significant (P ¼ 0.01) for each group as determined by Student's t-test. (d) p21
WAF1 immuno-blot analysis. Skin protein extracts from UVB-treated or non-treated animals were prepared, applied to sodium dodecyl sulfate-polyacrylamide gel, transferred onto a polyvinylidene difluoride membrane and incubated with an anti-p21 WAF1 or b-actin antibody. The b-actin signal was used as a loading control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HPV38, human papillomavirus type 38; UVB, ultraviolet B.
gene (primer sequence provided under request). We compared cellular proliferation in the epidermis of different mouse lines before and after UV irradiation monitoring BrdU incorporation. Keratinocyte proliferation of non-Tg mice was strongly inhibited by UV irradiation independently of the presence of p73 (Figure 2a) . Loss of DNp73 expression in HPV38 E6/ E7 Tg mice per se significantly induced a decrease in cellular proliferation (Figure 2a ). This decrease was much more evident in p73 À/À HPV38 E6/E7 Tg mice after UV irradiation (Figure 2a) . In contrast to the p53 À/À mice, the decrease in cellular proliferation tightly correlated with an increase in p21 WAF1 expression in the presence or absence of HPV38 E6 and E7 (Figure 2b) . A similar pattern of p21 WAF1 expression in all mouse lines was detected by real-time PCR (data not shown). Together, these findings indicate that loss of p73, and consequently DNp73, in HPV38 E6/E7 Tg mice restores the ability of p53 to activate the transcription of genes induced by cellular stresses. To corroborate this hypothesis, we have determined the expression levels of two additional p53-regulated genes, PigA and GADD45, in the epidermis of different mouse lines. As shown in Figure 3 , both p53-regulated genes were upregulated in p73 À/À HPV38 E6/E7 Tg mice upon UV irradiation. In contrast, no changes in their expression were observed in the HPV38 E6/E7 Tg mice treated in the same conditions (Figure 3) . In summary, these data support our initial study in primary human keratinocytes that characterized the ability of HPV38 E6 and E7 to induce p53-dependent DNp73 transcription (Accardi et al., 2006) . In HPV38 E6/E7 Tg mice, deletion of p53 gene is associated with the loss of DNp73 expression. DNp73 mRNAs can be generated either by an alternative splicing at the 5 0 region of the p73 mRNA or by using the p53-regulated internal promoter located in intron 3. Since the p53 À/À HPV38 E6/E7 Tg mice still express p73 gene, the data provide additional evidence that HPV38-induced DNp73 upregulation occurs via p53-regulated transcription and is independent of p73 splicing events. Most importantly, loss of p53 and DNp73 expression restored the ability of the cells to respond to UV irradiation. The UV-induced cell cycle arrest and p21 WAF1 accumulation in keratinocytes of p53 À/À HPV38 E6/E7 Tg mice may be explained by the presence of p73, which is known to activate the transcription of the same panel of gene regulated by p53. However, two other alternative possibilities cannot be excluded: (a) HPV38 E6 and/or E7 could directly induce p21 WAF1 accumulation in a WAF1 -positive cells in the UVB-exposed or non-exposed animals were statistically significant (P ¼ 0.01) for each group as determined by Student's t-test. HPV38, human papillomavirus type 38; UVB, ultraviolet B. 
In p73
À/À HPV38 E6/E7 Tg mice, loss of p73 gene led to restoration of the p53 pathways, as demonstrated by the high levels of expression of the three p53-regulated genes, p21 WAF1 , PigA and GADD45, further supporting the importance of DNp73 in counteracting the UVinduced events.
Replication of HPV genome relies upon the DNA replication machinery of the host cell. Therefore, the virus must be able to constantly maintain the infected cells in a proliferative status in any situation. Exposure of normal skin keratinocytes to UV radiation leads to accumulation of DNA damages, which in turn induces cell cycle arrest or apoptosis. HPV38, to guarantee the replication of its own DNA, is able to circumvent this adverse effect of UV radiation on keratinocyte proliferation. DNp73 appears to be a key player in the deregulation of UV-activated cell cycle checkpoints (Figure 4) . Finally, our data support the model that UV and HPV co-operate in skin carcinogenesis, the former inducing DNA damages and the latter keeping in cycle the infected cells even in the presence of cellular stresses. RNA expression was quantified using imagequant and the difference between the UVB-treated and -untreated p73 À/À HPV38 E6/E7 Tg animals were determined by Student's t-test to be statistically significant (P ¼ 0.01). No statistically significant difference could be found for p73 þ / þ HPV38 E6/E7 Tg animals. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HPV38, human papillomavirus type 38; UVB, ultraviolet B. (-) Figure 4 Schematic representation of the mechanism by which HPV38 E6 and E7 circumvent UV-induced cell cycle arrest. HPV38 E6 and E7 mediate the accumulation of a specific form of p53* that directly activates the transcription of DNp73. This protein, in turn, inhibits the transcription of p53-regulated genes (e.g. p21 WAF1 ) upon UV irradiation. HPV38, human papillomavirus type 38; UV, ultraviolet.
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